The H 5 PV 2 Mo 10 O 40 catalyzed the oxidation of thiols to their homodisulfides using hydrogen peroxide as the oxidant under mild conditions is reported. This system provides an efficient, convenient and practical method for the syntheses of symmetrical disulfides. In this work, comparisons of Keggin and Dawson type polyoxometalates are addressed in term of relative stability, hardness and acidity.
INTRODUCTION
Disulfides play an important role in synthetic organic chemistry [1] [2] [3] as well as in biology, notably to control cellular redox potentials in biological systems in which thiols are oxidized to prevent oxidative damage. 4 The disulfide functionality is used as a protecting group under oxidative conditions for thiols, which can be regenerated by S-S bond cleavage. 5 Disulfides have also found industrial applications as vulcanizing agents and as important synthetic intermediates in organic synthesis. 6, 7 Thiols can also be over-oxidized to sulfoxides and sulfones; therefore, controlled and selective studies were performed in the present investigation regarding the oxidation of thiols. 8 Various reagents and oxidants have been employed for the oxidation of thiols to homodisulfides. [9] [10] [11] [12] [13] [14] [15] [16] Some of these methods suffer from obvious disadvantages, such as long reaction times, limited availability of the oxidant, toxicity of reagents and difficulty in the isolation of the products. Consequently, the introduction of readily available, safe and stable reagents for the oxidation of thiols to disulfide is still a necessity. In continuation of on-going research on the synthetic application of heteropolyacids (HPAs) in 956 SHOJAEI, REZVANI and HERAVI organic synthesis, [17] [18] [19] [20] [21] [22] [23] the applicability of various mixed HPAs for the efficient oxidation of thiols to their homodisulfides using hydrogen peroxide as the oxidizing reagent and under mild conditions is reported herein.
The catalytic function of heteropolyacids (HPAs) and related polyoxometalate compounds has attracted great attention, particularly over the last two decades. 16 In this context, heteropolyacids (HPAs) are promising catalysts. A common and important class of these acids and those used in the majority of catalytic applications is the Keggin class of compounds of general formula H n XM 12 O 40 (X = P, Si, As, Ge, B; M = Mo, W). 24 These solid acids are usually insoluble in non-polar solvents but highly soluble in polar ones. They can be used in bulk or supported forms in both homogeneous and heterogeneous systems. Furthermore, these HPAs have several advantages, including high flexibility in modification of the acid strength, ease of handling, environmental compatibility, non-toxicity, and experimental simplicity. 25 Keggin type polyoxoanions have been widely studied as homogeneous and heterogeneous catalyst for the oxidation of organic compounds. 26 Another catalytically important subclass of Keggin compounds are the mixed vanadium(V)-substituted HPAs of the general formula H 3+n PV n M 12n O 40 (M = = Mo and W; n = 1-6). These compounds exhibit high activity in acid-base type catalytic reactions; hence they are used in many catalytic areas as homogeneous and heterogeneous catalysts. The most well-known of these HPAs is H 5 PV 2 Mo 10 O 40 .
Previously reported procedures for the synthesis of large ring disulfides from thiols using dichlorodioxomolybdenum(VI) as a catalyst produced poor to moderate yields. 13 However, a very efficient and simple method for the oxidative coupling of thiols into the disulfides using hydrogen peroxide as an oxidizing reagent catalyzed by mixed vanadium(V)-substituted HPAs under mild conditions is now reported.
EXPERIMENTAL
All reagents and solvents used in this work are available commercially and were used as received, unless otherwise indicated. Previously reported methods were used to purify the thiols. 24 Preparation of the H 5 PV 2 Mo 10 O 40 catalyst and other mixed heteropolyacids and salts were based on a literature procedure with the following modifications. 25 6 -were prepared according to published methods and were identified by infrared spectroscopy. [26] [27] [28] All chemicals were purchased from Merck and used without purification. The 1 H-NMR spectra were recorded on a FT-NMR Bruker 100 MHz Aspect 3000 with tetramethylsilane as an internal standard and CDCl 3 as the solvent. The IR spectra were recorded on a Buck 500 Scientific Spectrometer in KBr pellets.
Preparation of H 5 PV 2 Mo 10 O 4 25
Sodium metavanadate (12.2 g, 100 mmol) was dissolved by boiling in 50 mL of water and then mixed with Na 2 HPO 4 (3.55 g, 25 mmol in 50 mL of water). After cooling the solution, concentrated sulfuric acid (5 mL, 17 M, 85 mmol) was added, whereby the solution developed a red color. Na 2 MoO 4 ·2H 2 O (60.5 g, 250 mmol) dissolved in 100 mL of water was added to the red solution under vigorous stirring, followed by the slow addition of concentrated sulfuric acid (42 mL, 17 M, 714 mmol). The hot solution was allowed to cool to room temperature. The 10-molybdo-2-vanadophosphoric acid was then extracted with 500 mL of diethyl ether. Air was passed through the heteropoly etherate (bottom layer) to free it of ether. The solid residue was dissolved in water, concentrated to first crystal formation, as already described, and then allowed to crystallize further. The large red crystals that formed were filtered, washed with water and air-dried.
Preparation of H 4 PVMo 11 O 40
Na 2 HPO 4 (3.55 g, 25 mmol) was dissolved in 50 mL of water and mixed with sodium metavanadate (3.05 g, 25 mmol) that had been dissolved by boiling in 50 mL of water. The mixture was cooled and acidified to a red color with concentrated sulfuric acid (2.5 mL, 17 M, 42.5 mmol). To this mixture was added a solution of Na 2 MoO 4 ⋅2H 2 O (66.5 g, 274.8 mmol) dissolved in 100 mL of water. Finally, 42.5 mL of concentrated sulfuric acid was added slowly with vigorous stirring of the solution. With this addition, the dark red color changed to a lighter red. After cooling the aqueous solution, the heteropoly acid was extracted with 200 mL of diethyl ether. In this extraction, the heteropoly etherate was present as a middle layer; the bottom layer (water) was yellow and probably contained vanadyl species. After separation, a stream of air was passed through the heteropoly etherate layer to free it of ether. The orange solid that remained was dissolved in 50 mL of water, concentrated to the first appearance of crystals in a vacuum desiccator over concentrated sulfuric acid, and then allowed to crystallize further. The orange crystals that formed were filtered, washed with water and air-dried.
General procedure for the oxidation of thiols to disulfides
H 5 PV 2 Mo 10 O 40 (0.5 g, 0.2 mmol) was dissolved in a mixture of 25 mL of ethanol and 5 mL of H 2 O. The substrate thiol (4 mmol) and 1.5 mL (13 mmol) of 30 % H 2 O 2 were added to the solution. The reaction mixture was stirred at room temperature until thin layer chromatography, TLC, indicated the reaction was complete. After completion of the reaction, the solid product was filtered off and recrystallized, while in the case of liquid disulfides, after completion of the reaction, the excess H 2 O 2 was destroyed by 2 mL of 3×10 -3 M sodium sulfite. The mixture was treated with dichloromethane (2×25 mL). The organic layer was dried by anhydrous MgSO 4 and then concentrated to obtain the required product. 
Recycling of the catalyst
In order to ascertain whether the catalyst had succumbed to poisoning and lost its catalytic activity during the reaction, the reusability of the catalyst was investigated. For this purpose, after completion of the model reaction (Scheme 1), dichloromethane was added to the solid reaction mixture. All the products were soluble in dichloromethane but the catalyst was not. Thus, the catalyst was separated by simple filtration, washed with dichloromethane and dried at 90 °C for 1 h, and then reused in further reaction with the same substrate.
SHOJAEI, REZVANI and HERAVI

RESULTS AND DISCUSSION
Effect of the solvent 4-Chlorothiophenol was taken as a model compound and the reaction conditions were optimized by varying the solvent, Table I . In EtOH + H 2 O, the reaction was completed within 2 h. The other solvents provided moderate yields with longer reaction times, except CH 3 CN and CH 3 NO 2 , in which the yields were very low even after 5 h (14 %, entry 12 and 18 %, entry 11, respectively). Notably, in the absence of catalyst, very low yields were obtained (25 %, entry 2 and 21 %, entry 7). a Isolated yield based on the weight of the pure product obtained; b the reaction was performed with the first recycled catalyst; c the reaction was performed with the second recycled catalyst
Effect of the catalyst structure
The effect of the structure of the catalyst on the oxidation of 4-chlorothiophenol, as a model compound, in EtOH + H 2 O is presented in Table II 
Effect of the substituent
The effects of various substituents on a range of aromatic thiols on the oxidation yield in EtOH + H 2 O were examined using H 5 PV 2 Mo 10 O 40 as the catalyst. The results are given in Table III . Halogens were chosen as electron-withdrawing groups (entries 3-5), while methyl, phenolic hydroxyl and methylthio groups (entries 1, 6 and 7, respectively) were chosen as electron-donating substituents. One heteroaromatic thiol, i.e., pyridine-2-thiol, was successfully oxidized in good yield (entry 9) as well as benzylthiol (entry 8) as a benzylic aliphatic representative. The yields were generally very good (>75 %) to excellent (>90 %) with no obvious relationship between the aromatic substituent and yield (compare entries 4 with 5 and 2 with 10). A highlight of the method is the ease by which the product may be isolated via simple filtration followed by removal of the solvent. 
Reusability of the catalyst
After recovery of the catalyst, it was repeatedly used for further oxidation reactions. Even after five consequent employments, the catalytic activity of H 5 PV 2 Mo 10 O 40 was almost the same as that of fresh catalyst. The results are summarized in Table IV . The IR spectra of the resulting solids indicated that the catalyst can be recovered without structural degradation.
Structures of the obtained disulfides
The structures and purity of the obtained disulfides were verified by 1 H-and 13 C-NMR spectroscopy and the obtained data are given in Table V , as well as by their melting points that are given in Table III . 
